One half of a group of 20 patients with human papillomavirus type 16 (HPV16)-induced vulvar intraepithelial neoplasia grade 3 displayed a complete regression (CR) after therapeutic vaccination with HPV16 E6/E7 synthetic long peptides. Patients with relatively larger lesions generally did not display a CR. To investigate immune correlates of treatment failure, patients were grouped according to median lesion size at study entry, and HPV16-specific immunity was analyzed at different time points by complementary immunological assays. The group of patients with smaller lesions displayed stronger and broader vaccine-prompted HPV16-specific proliferative responses with higher IFNγ (P = 0.0003) and IL-5 (P < 0.0001) levels than patients with large lesions. Characteristically, this response was accompanied by a distinct peak in cytokine levels after the first vaccination. In contrast, the patient group with larger lesions mounted higher frequencies of HPV16-specific CD4 + CD25 + Foxp3 + T cells (P = 0.005) and displayed a lower HPV16-specific IFNγ/IL-10 ratio after vaccination (P < 0.01). No disparity in T memory immunity to control antigens was found, indicating that the differences in HPV-specific immunity did not reflect general immune failure. We observed a strong correlation between a defined set of vaccine-prompted specific immune responses and the clinical efficacy of therapeutic vaccination. Notably, a high ratio of HPV16-specific vaccine-prompted effector T cells to HPV16-specific CD4 
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Foxp3
+ T cells was predictive of clinical success. Foxp3 + T cells have been associated previously with impaired immunity in malignancies. Here we demonstrate that the vaccine-prompted level of this population is associated with early treatment failure.
human papilloma virus | immunomonitoring | therapeutic vaccine | regulatory T cells G enital infection with human papillomavirus (HPV) is a common sexually transmitted disease (1-3). The high-risk HPV types (e.g., HPV16) are causally related to the development of anogenital lesions, including vulvar intraepithelial neoplasia (VIN), and their subsequent progression to invasive squamous cell carcinoma (4, 5) . Notably, spontaneous regression of high-grade VIN (VIN3) occurs in <1.5% of patients, regardless of frequent biopsy of these lesions, and recurrence after surgical treatment is high (6) .
Virus-specific IFNγ-producing CD4 + and CD8 + T cells are essential components in the immune control of chronic viral infection (7, 8) . Healthy donors display relatively robust recall proliferative T-cell responses against early viral proteins E2, E6, and E7, characterized by CD4 + T cells producing IFNγ and IL-5 (9-11). In addition, the majority of subjects clearing HPV16 displayed an HPV16 E6-specific CD8 + cytotoxic T-lymphocyte (CTL) response (12, 13) . These findings suggest that successful defense against HPV16 infection is associated with a systemic HPV-specific T-cell response. Notably, such IFNγ-associated T-cell responses are weak or absent in patients with cervical cancer (11, 14, 15) , cervical intraepithelial neoplasia lesions (11, 13, 16, 17) , and VIN3 (18) (19) (20) .
We recently reported that half the patients with histologically confirmed HPV16 + VIN3 display a complete regression (CR) of their lesion after three or four vaccinations with an HPV16 E6/E7 synthetic long-peptide vaccine (HPV16-SLP). Patients with CR displayed a stronger vaccine-induced HPV16-specific immune response, as measured by IFNγ-ELISPOT and proliferation assay after the last vaccination, but it was unclear why vaccination did not lead to CR in all patients. However, these non-or partial responders (non-CR) had larger lesions on average (21) . The availability of blood and tissue samples from these patients at multiple time points allowed an in-depth analysis of the HPV16 E6-and E7-specific immune response. Here, we show that, even after the first vaccination, vaccine-induced immune reactivity in patients with larger lesions is quantitatively and qualitatively different from that in patients with smaller lesions.
Results

HPV16-SLP Vaccine Induces Broad and Durable T-Cell Responses to
HPV16 E6 and E7. Peripheral blood mononuclear cells (PBMC) isolated before the first and after every vaccination were used to study the breadth and duration of the vaccine-induced HPVspecific T-cell response by measuring the proliferative capacity of these PBMC. In a number of cases, strong proliferative responses to a large number of peptide pools was detected, whereas in other patients the proliferative response was lower or reactive to fewer peptide pools (Fig. 1A) . In total, 16 (80%) and 14 (70%) of the 20 vaccinated patients responded to HPV16 E6 and E7, respectively, after the last vaccination. In all but one patient, proliferation to both E6 and E7 was detected, when all time points were consid- ered. Excellent immune memory was apparent from maintenance of the strength of the response in this group during 2-y follow-up (Fig. 1B) . Vaccine-induced T-cell reactivity consisted of broad HPV16-specific CD4 T-cell responses, with reactivity, on average, to five of the six peptide pools tested (Table S1 ) and HPV16-specific CD8 T-cell responses against one to six peptide pools (mean, two pools; Table S2 ).
Vaccine-Induced HPV16-Specific T Cells Can Home to Vaccination Sites and to the Lesion. A biopsy from the last vaccination site was obtained from all 20 patients. T cells could be cultured from 11 patients, comprising 5 patients with small lesions, 4 of whom were CR, and 6 patients with larger lesions, of whom 5 were non-CR. In nine of these patients, including all tested CR patients, T-helper type 1/T-helper type 2 (Th1/Th2) cytokine-producing HPV16-specific proliferative T cells were detected. In two patients (one CR and one non-CR), a predominant Th2 response was found; in another non-CR patient, only a Th2 response was found. Notably, in all four CR patients with a smaller lesion, the vaccine site was infiltrated by HPV16-specific IFNγ-producing T cells, as was the case in three of the five non-CR patients with a larger lesion.
A biopsy from the VIN lesion was obtained from 16 patients (including all CR patients) before vaccination and from all 20 patients at 3-mo follow-up. HPV16 E6-specific T cells were detected in the VIN lesion of one CR patient before vaccination, but not in 10 others from whom T cells could be cultured. In nine cases, T cells from the VIN biopsy were obtained after vaccination, but no HPV-specific response was detected in five clinical nonresponders (NR) or three CR patients at that time point. The latter finding was to be expected, because these epithelia showed normal histology. Interestingly, in one partial responder (PR) (patient ID-1; Tables S1 and S2), a mixed Th1/Th2 HPV16-specific response was detected in PBMC and in the T cells isolated from the last vaccine site, whereas a predominant HPV16-specific Th2 cell response was found in the VIN lesion (Fig. S1 ). Their presence may explain the lack of a complete clinical response. Semiquantitative analyses of the number of stromal or intraepithelial infiltrating immune cells in the section used for diagnosis revealed no overt differences in non-CR and CR patients before vaccination or within the patient groups before and after vaccination. (21), we investigated whether lesion size or disease duration at study entry is associated with the immune response to vaccination. The patients were divided into two groups based on either the lesion size (median 9.5 cm 2 ) or disease duration (median 30 mo).
The immune response, especially with respect to proliferationassociated production of IFNγ and IL-5, and to a lesser extent TNFα and IL-10, was significantly higher in the group of patients with a smaller lesion than in the group with a larger lesion (Fig. 2) . Vaccine-induced immunity peaked after the first vaccination, decreased after the second vaccination, and then gradually increased again. The cytokine levels produced by the PBMC samples from patients with small lesions always were higher than those of patients with larger lesions. Moreover, from the second vaccination and thereafter, the ratio between IFNγ and IL-10 was significantly higher at each time point in the group with smaller lesions (P < 0.01 at each time point) than in patients with larger lesions (Table S3 ). The IFNγ (Th1 cytokine)/IL-5 (Th2 cytokine) ratio differed only after the fourth vaccination, suggesting that the lower ratio of IFNγ to IL-10 (Th2 cytokine) in the group of patients with a larger lesion does not simply reflect a shift from a Th1 toward a Th2 response. No differences were observed with respect to strength of proliferation or the IFNγ/IL-10 ratio when patients were grouped according to the disease duration. This set of data suggests that the vaccine-induced HPV16-specific T-cell response is regulated differently in patients with larger lesions.
The association between lesion size and clinical outcome after vaccination suggests that similar differences may be detected when patients are divided on the basis of clinical outcome (CR versus non-CR). Notably, NR and PR patients were grouped together, because it is known that even residual VIN3 has a high risk of progression (6, 22) . Indeed, after each vaccination the strength of the proliferative response as well as cytokine production was higher in the CR group than in the non-CR group, and these responses peaked after the first vaccination (Fig. 2) . The observed differences in the IFNγ/IL-10 or IFNγ/IL-5 ratios when patients were grouped according to lesion size were less clear when CR and non-CR patients were compared, although the CR group displayed a somewhat higher IFNγ/IL-10 ratio after the third vaccination (P = 0.03) (Table S4) .
Importantly, a potential bias in the overall status of the immune system could be ruled out, because patients grouped on the basis of either lesion size or clinical outcome displayed comparable immunity to memory response mix (MRM) and influenza virus M1 (Fig. S2) and displayed no differences in the preexisting HPV16 peptide- specific response. These data suggest that patients responding well to the first vaccine dose will develop a complete clinical response. 
Foxp3
+ as well as Foxp3 − T cells were analyzed in PBMC from the patients grouped according to lesion size at study entry or by clinical response at 12 mo. There was no difference before vaccination (Fig. 3) . However, the vaccine-induced HPV-specific response in the group of patients with a larger lesion comprised relatively more CD4 
Discussion
The study of a cohort of 20 HPV16 + VIN3 patients, 47% of whom showed a CR after vaccination with an HPV16E6/E7 synthetic long-peptide vaccine (21), allowed us to observe that vaccine efficacy can be correlated with a set of complementary immune parameters, rather than with one assay. Our previous study showed that the size of the lesion at study entry was associated with the clinical response (21) , and this finding prompted us to examine HPV16-specific immunity in relation to lesion size. This finding turned out to be of key importance, because patients with smaller lesions displayed much stronger effector T-cell responses even after the first vaccination, whereas the group of patients with larger lesions displayed a weaker effector response and a stronger HPV16-specific regulatory immune response, demonstrated by a significantly lower IFNγ/IL-10 ratio after the second vaccination and a significantly higher percentage of HPV16-specific CD4
+ T cells after vaccination. Although the first set of observations can explain the success of therapeutic vaccination, the latter observations may indicate a shift in the type of the vaccine-prompted HPV16-specific T-cell response so that it fails to attack the lesions effectively. An HPV16-induced high-grade lesion is caused by chronic viral infection and can be regarded as a tumor in situ. Adoptive T-cell therapy studies in chronic viral infections and cancer indicate that a well-coordinated response of IFNγ-producing CD4 + T cells and CD8 + CTL is needed for effective immunity (25, 26) . Our analysis of HPV16-specific T-cell reactivity in the group of CR patients underlines these insights and reveals that vaccination can be an approach to treat chronic viral infections or cancer, provided that robust and durable T-cell responses are induced. Previously, we demonstrated that healthy individuals display broad IFNγ-producing HPV16-specific proliferative T-cell responses, as witnessed by successful clearance of HPV (9-11). Similarly, in the group of CR patients, vaccination resulted in broad and IFNγ-associated HPV-specific T-cell responses. Notably, HPV-specific immunity is weak or absent in subjects with HPV-induced neoplasia of the cervix or vulva (9-11, 20) and consists of HPV16-specific regulatory T cells (17, 23) . Here, unsuccessfully treated VIN3 patients also displayed a lower response and harbored more HPV-specific CD4 high T cells stably expressing (≥7 d) Foxp3 after stimulation with cytomegalovirus or tetanus toxoid were suppressive in vitro (27) . Moreover, we also documented that suppressive T cells in cervical cancer patients had the CD4 + CD25 high
Foxp3
+ phenotype (23) and that, as in many malignancies, their presence impaired tumor immunity as reflected in worse patient survival (28) . In contrast to the antigen-specific stimulation used here, strong mitogenic agents were reported to induce Foxp3 expression in nonsuppressive T cells (29, 30) . The tumor-specific immune response, the local environment, and immune escape mechanisms in HPV-induced cancers are similar to those in other immunogenic cancer types, and it is likely that the association of treatment failure and vaccine-enhanced Foxp3 + cells we describe can extend to immunotherapy with other tumor antigens.
The data are reminiscent of those made in the A20HA mouse tumor model in which a growing tumor is associated with expansion of HA-specific CD4 + T cells, whereas during tumor progression the HA-specific T-cell response is blunted and comprises activated HA-specific CD4 + suppressive T cells (31) . Both HPV16-specific CD4 + effector and regulatory T cells are present in patients with HPV16-induced high-grade lesions or cancer (17, 23) . By analogy a larger HPV-induced VIN may affect the nature of the HPV-specific responding T-cell population (17) . Moreover, in A20HA tumor-bearing mice, HA-specific CD4 + T cells were less responsive to HA-specific vaccination. This reduced response was not a reflection of global immunosuppression, because these mice still mounted strong virus-specific T-cell responses (32), but was caused by the coactivation of HA-specific CD4 + regulatory T cells (31) . Also, in our study, patients with larger VIN lesions displayed normal responses to pathogens but had more vaccineprompted HPV16-specific regulatory T-cell and blunted HPV16-specific effector T-cell responses.
Vaccine-prompted HPV16-specific T-cell immunity was characterized by a peak after the first vaccination, followed by a steep decline after the second vaccination and a gradual increase in reactivity after subsequent vaccinations. Should multiple vaccinations therefore be avoided because they may reduce the desired immune response? Our data indicate that this approach is not called for, because immunity was detectable long after vaccination and particularly because the observation was made in the group of CR patients. Therefore, the decline in T-cell reactivity as measured by sampling circulating lymphocytes from the blood probably reflects the migration of vaccine-activated HPV16-specific T cells from the blood as part of the constant migration of activated effector T cells to extralymphatic tissue and bone marrow (33) .
The subsequent gradual increase may reflect a phase in which HPV16-specific T cells entering and exiting the blood stream are in equilibrium, their number rising after each vaccination.
The treatment of HPV-induced high-grade vulvar lesions with a local inflammation-inducing agent such as imiquimod has resulted in the shrinkage of VIN lesions (34). If the failure of the HPV16-SLP vaccine to induce the full regression of HPV16-induced lesion is simply the result of the size of the lesion, treatment of the lesion with imiquimod before or simultaneously with vaccination may increase the likelihood of successful treatment (20, 34) , especially because reduction of the lesion size may alleviate immunosuppression (35) . Similarly, one can envisage that the success rate of vaccine strategies in cancer patients may increase when the tumor size is reduced.
In conclusion, our comparison of vaccine-prompted immune responses in patients who were or were not treated successfully revealed that therapeutic vaccination can be a truly effective therapy for the treatment of well-established premalignant lesions when it results in strong and broad effector T-cell responses, but it also shows that during the premalignant phase of disease the larger lesions already have deregulated the specific immune response to such an extent that the current strategy of immunotherapy for those patients needs further adjustment. These results clearly impact on immunotherapy trials in patients with cancer, suggesting that for these patients multimodality approaches should be sought.
Materials and Methods
Patients, Study Design, and Vaccination. In a one-arm phase II trial, women with histologically confirmed HPV16 + VIN3 lesions were vaccinated s.c. three or four times and followed up to 2 y after the last vaccination. The HPV16-SLP vaccine represents the entire sequence of the E6 and E7 proteins of HPV16 (24, 36 ). An objective CR was defined as no visible or histologically demonstrable VIN lesion after treatment. For our analyses, patients with either a partial response (at least 50% reduction in lesion size) or no response were defined as non-CR. The study was approved by the Medical Ethics Committee of the Leiden University Medical Center and has been reported recently (21) .
Antigens. The antigens used for immunomonitoring have been reported previously (10, 17, 21, 24, 37) . Briefly, four peptide pools for HPV16 E6 (pools E6.1-E6.4) and two pools for E7, each consisting of four peptides 22 aa long and overlapping by 12 aa, were used to screen for CD4 + T-cell responses. CD8 + T-cell responses were analyzed by 15 peptide pools for HPV16 E6 and nine pools for E7, each containing 10-aa peptides (overlap, 9 aa). As positive control , four pools of 30-mer influenza matrix 1 protein of A/PR/8/34 (M1) peptides (overlap, 15 aa) and/or MRM (0.75/mL Limus Flocculentius tetanus toxoid , 5 μg/mL Mycobacterium tuberculosis ,and 0.015% Candida) were used.
Proliferative Capacity of HPV16-Specific T Cells by Lymphocyte Stimulation Test. Antigen-specific T-cell proliferation was determined in blood drawn before each vaccination and 2 wk after the last vaccination by a previously described short-time proliferation assay, the lymphocyte stimulation test (LST) (9-11, 21, 24). Briefly, freshly isolated PBMC were incubated in eight replicate wells in medium with 10% autologous serum in the presence of the indicated antigens. On day 6, supernatant was harvested for cytokine analysis, and the cells were pulsed with [ 3 H]thymidine overnight. The mean plus 3 SD of the eight control-medium wells was used as cutoff value. The stimulation index was calculated by dividing the mean of tested wells by the mean of the control medium. A positive proliferative response was defined as a stimulation index of 3 or higher and by counts above the cutoff value in six or more of the eight wells (11, 21, 24) . A vaccine-induced response was defined as an increase in the stimulation index of 3-fold or more over the baseline sample (21, 24) .
Cytokine Polarization Analysis. The supernatants isolated on day 6 of the proliferation assay were subjected to a Th1/Th2 inflammation cytometric bead array (CBA) kit (BD Biosciences) as described previously. The cutoff value was 20 pg/mL, except for IFNγ, for which it was 100 pg/mL (21, 24) . Antigen-specific cytokine production was positive when above the cutoff value and at least twice that of the control medium (11, 21, 24) . A vaccine-induced response was defined as a 3-fold or greater increase over the baseline sample (21, 24) .
Culture and Analysis of Tissue-Infiltrated Lymphocytes. Infiltrating lymphocytes from a 3-mm biopsy of the VIN lesion before vaccination, from the last vaccination site 2 wk after the last vaccination, and from the VIN lesion 3 mo after the last vaccination were expanded as described previously (38, 39) . When sufficient cells were obtained, their HPV16-specific proliferative capacity was tested in triplicate in a 3-d proliferation assay. Adherent autologous monocytes, activated with GM-CSF and loaded with 5 μg/mL of the indicated peptide pools or 10 μg/mL recombinant proteins, served as antigen-presenting cells. After 48 h, supernatant was harvested and stored at −20°C for cytokine analysis by Th1/Th2 CBA.
Identification of T-Cell Type by Intracellular IFNγ and IL-5 Cytokine Staining. PBMC isolated before the first vaccination and 2 wk after the last vaccination were presensitized for 10 d with a pool of all peptides of HPV16 E6, HPV16 E7, or influenza A/PR/8/34 M1 before stimulation with the indicated antigens, loaded on autologous monocytes, stained intracellularly for IFNγ, and analyzed by flow cytometry (21, 24) . A positive response was defined as a 2-fold or greater increase in the percentage of IFNγ-producing CD4 + or CD8 + T cells as compared with the control medium. A vaccine-induced reaction was defined as a 3-fold or greater increase in the percentage of antigen-specific IFNγ-producing T cells compared with the baseline sample (21, 24, 40 + T cells were detected as described previously (24) . Briefly, PBMC stimulated with HPV16 E6 or E7 peptides (5 μg/mL) and rested for 10 d were stained for CD4, CD25, and Foxp3. As a control, PBMC were cultured without antigen (control medium). Antigen-induced up-regulation of Foxp3 or CD25 was defined a 2-fold or greater increase in the percentages of CD25 + and/or Foxp3 + cells as compared with control medium. A vaccine-induced increase was defined as a 3-fold or greater increase in the percentage compared with the baseline sample for the same condition.
Statistical Analysis. Differences between the median cytokine responses in pre-and postvaccination PBMC samples against every individual peptide pool of HPV16 E6 and E7 were determined by the nonparametric Mann-Whitney test. Comparisons of the strength of the different types of immune responses were made by the nonparametric Mann-Whitney test using GraphPad InStat Software to analyze the differences between the patients with VIN3 lesions larger or smaller at study entry than the median lesion size of 9.5 cm 2 , between CR and non-CR patients 12 mo after the last vaccination, and between patients who had disease duration shorter or longer than the median of 30 mo (21) . For each different type of immune assay, the strength was defined as the median specific spot count (ELISPOT), stimulation index (LST), or amount of cytokine production (CBA) obtained for all six different peptide pools per patient, of all patients in one group. All reported P values are two-sided and have not been adjusted for multiple comparisons. P < 0.05 was considered to indicate statistical significance.
